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Abstract. An instability of a liquid droplet traversed by an energetic ion is explored. This instability is
brought about by the predicted shock wave induced by the ion. An observation of multifragmentation of
small droplets traversed by ions with high linear energy transfer is suggested to demonstrate the existence
of shock waves. A number of effects are analysed in effort to find the conditions for such an experiment
to be signifying. The presence of shock waves crucially affects the scenario of radiation damage with ions
since the shock waves significantly contribute to the thermomechanical damage of biomolecules as well as
the transport of reactive species. While the scenario has been upheld by analyses of biological experiments,
the shock waves have not yet been observed directly, regardless of a number of ideas of experiments to
detect them were exchanged at conferences.
PACS. XX.XX.XX No PACS code given
1 Introduction
The Rayleigh instability at the liquid surface has been
studied since 1880s for a number of different applications [1,
2,3,4,5]. The main aspect in all of these applications is
that the integrity of a liquid object or an object that
features certain liquid properties is related to the stabil-
ity of its interface. If this stability is disturbed either by
Coulomb repulsion or other forces, the object may disinte-
grate to form smaller more stable objects. This is equally
applied to charged liquid droplets, unstable nebulae struc-
ture, heavy nuclei experiencing fission, and unstable clus-
ters. In this work, we investigate a new type of instability
of liquid droplets induced by energetic ion’s passage. The
mechanism that triggers such an instability is ascribed
to the shock waves induced by ions propagating in a liq-
uid medium [6]. Moreover, the experimental observation
of a multifragmentation of liquid droplets traversed by
ions will be the most direct evidence of existence of shock
waves. However, let us proceed in order.
Ion beams have been clinically used for radiotherapy
since 1990s, with protons and carbon ions being the most
used projectiles [7,8]. The attractiveness of ions as projec-
tiles compared to commonly used x-rays is in the existence
of the Bragg peak at the end of the depth-dose curve. This
peak occurs due to the increase of ionization cross section
as the velocity of ions decreases. Its position for a given
medium and projectile solely depends on the initial energy
of ions and, therefore, can be focused to the tumour, while
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the surrounding regions acquire much smaller doses and
less prone to radiation damage.
The optimisation of ion-beam therapy requires a thor-
ough understanding of the relation between the physical
properties of radiation with biological damage, which is
quantified as a percentage of inactivated cells in the irradi-
ated region. In a conventional x-ray radiotherapy the rela-
tion between the deposited dose and biodamage is under-
stood on a semi-empirical level for many different cells and
conditions [9,10]. A staggering biological diversity that in-
cludes various cell repair mechanisms makes it difficult to
construct a reliable predictive method of assessment of
radiation damage. The situation with ion beams is differ-
ent despite the lack of complete understanding of effects
following the ion’s traverse through tissue. Stronger phys-
ical and chemical effects in this case make the repair and
other biological factors less important and thus increase
the hope to achieve a quantitative assessment of radiation
damage. Nevertheless, empirical methods of relating the
dose deposited by ions to the biodamage appeared first [8].
The track-structure community is engaged in modeling of
the transport and interactions of reactive species in ion’s
tracks leading to DNA damage by means of Monte Carlo
simulations [11,12,13]. However, these methods do not ac-
count for all effects that involved in the scenario of radia-
tion damage and, therefore, important for treatment plan-
ning. One of these effects is the formation of shock waves
following the energy relaxation in the vicinity of the ions’
paths. The onset of shock waves is predicted at the time
just following the end of formation of the track structure
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and the latter can perhaps provide the most detailed ini-
tial conditions for this process.
The existence of such waves has been predicted in the
process of investigation of physical effects relevant to the
radiation damage with ions, specifically in relation to ion-
beam therapy, summarised as a multiscale approach to
the physics of radiation damage with ions (MSA) [14,15,
16]. A number of experimental observations, such as the
detection of acoustic waves (which are likely to be the rem-
nants of shock waves) initiated by ions’ passage through
a medium [17,18] or recent exploration of cavitation in
liquid water caused by x-ray pulses [19], makes the shock
waves initiated by ions plausible. Presence of shock waves
significantly affects the transport of reactive species (free
radicals, peroxide, etc.), may directly rupture a biomole-
cule [20], and, hence, is important for the assessment of
radiation biodamage, and, eventually, therapy planning.
A recent analysis of cell survival probabilities measured
in different conditions [21] strongly supports the shock
wave scenario. Still, even though a number of ideas of ex-
periments to detect shock waves were exchanged at con-
ferences, they have not been realised, and thus far, this
effect has not been observed. In this paper, we are draw-
ing attention of a broad collision-physics community to
this important problem and suggest an idea of an exper-
iment for observation of a shock wave induced by an ion
propagating in the medium.
2 The effect of ion-induced shock waves on
the medium
In Ref. [6], it has been predicted that a traverse of liq-
uid water or similar medium by an ion with energy of
0.1-0.5 MeV/u, which guarantees a large linear energy
transfer (LET), brings about a shock wave that propa-
gates radially away from the ion’s path. This shock wave
forms because the ion deposits energy (mainly by ionizing
the medium) within a thin cylinder adjacent to its path.
This energy is relaxed inside this cylinder, referred to as
a hot cylinder, since the energy transfer outside of this
cylinder is too slow. Indeed, in Ref. [22], it has been esti-
mated that the heat conductivity mechanisms are capable
of transferring the energy out of hot cylinder by about
100 ps after ion’s traverse. The heat transfer by diffus-
ing molecules also happens on the 100-ps scale because
of the relatively (to electrons) small diffusion coefficients.
However, according to Ref. [23] by as soon as 50 fs, the
electron contribution to heat transfer terminates since by
then they lose most of their energy, and a high pressure
(up to 100 GPa) is developed within the hot cylinder. Such
a pressure build-up constitutes a formation of the wave
front and the onset of the cylindrically symmetric shock
wave that would propagate radially until it weakens [24,
20] and becomes acoustic.
The energy deposited inside the hot cylinder is de-
scribed by the LET, which for ions in the energy range
of 0.1-0.5 MeV/u (relevant to this work) is similar to the
stopping power, S = −dE/dx, where E is the energy of
the ion and x is the longitudinal coordinate. According to
Refs. [6,14], the “strength” of the shock wave is defined by
the part of the stopping power that is related to ionization
and excitation processes, Se. The pressure on the front of
the shock wave is expressed via the velocity of the wave
front u as P = 1/(γ + 1)̺u2 [6,25], which can be written
in terms of Se as
P (r) =
1
γ + 1
β4
2
Se
r2
, (1)
where γ = CP /CV ≈ 1.2, β = 0.86 is a dimensionless
constant, ̺ = 1 g cm−3 is the density of medium (liquid
water), and r is the radius of the wave front.
The stopping power for a non-relativistic ion can be
estimated by the Bethe-Bloch formula [26,27],
Se =
4πneα
2(~c)2
me
z2
v2
ln
2mev
2
I¯
, (2)
where ze and v are the charge and velocity of the ion, e,
me, and ne are the electron charge, mass and number den-
sity, α is the fine structure constant, and I¯ is the average
excitation/ionization energy of molecules of the medium.
When energetic ions enter a tissue-like medium (as is in
the case of ion therapy) the value of Se is typically less
than 10 eV/nm (for 400-MeV/u carbon ions used in ther-
apy); then Se increases by the factor of almost 90 in its
maximum called the Bragg peak [28]. This maximum is
achieved when ion’s energy is below 0.5 MeV/u. However,
if we are interested in irradiating droplets, the Bragg peak
does not occur, since an ion propagates in vacuum before
hitting a droplet and we, at least for now, do not con-
sider multiple droplets hit by the same ion. Therefore, Se
is just estimated by Eq. (2), and is (for a given droplet) a
function of ion’s charge and velocity.
After the high-LET ion’s traverse, it is predicted that
such a shock wave is formed when the initial pressure pro-
file is developed according with the radial dose distribu-
tion [23]. As the shock wave propagates in the radial di-
rection away from the ion’s path, it causes cavitation in
its wake. Later on the pressure on the wave front weakens
and the cylindrical cavity formed near the axis of the hot
cylinder fills in. If an ion traverses a bulk medium (such
as liquid water), it is expected that by the time of about
1 ns, only acoustic waves initiated by the above shock-
rarefaction wave dynamics reveal the ion’s passage and
its vigorous interaction with the medium.
3 Shock wave interaction with liquid droplets
3.1 Multifragmentation of a droplet due to a shock
wave
Now imagine a high-LET ion traversing a liquid spheri-
cal droplet of radius R. According to the predictions of
Ref. [6], a shock wave propagates away from the ion’s
path. When the shock wave front reaches the surface of
the droplet, the pressure at the edge is given by (1). As
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Fig. 1. The dependence of the maximum radius of the liquid
water droplet (at room temperature), at which its explosion
due to the effect of the ion-induced shock wave is predicted,
on the energy of ions traversing the droplet along a radial tra-
jectory. The dependence is shown for ion charges 4e, 5e, and
6e.
is well known, a spherical droplet is held up in its shape
by the surface tension pressure equal to 2σ/R, where σ is
the coefficient of surface tension. Therefore, if the pressure
on the wave front is higher than that of surface tension,
the droplet should explode. In order to make the most
conservative estimate, let us consider the ion whose tra-
jectory passes through the center of the droplet. Then,
the condition for a droplet’s explosion can be written as
an inequality,
1
γ + 1
β4
2
Se
R2
>
2σ
R
. (3)
In order for such an explosion to be detectable, the
radius R should be sufficiently large. Its maximum value
Rmax, is obtained from (3) as,
Rmax =
1
γ + 1
β4
4σ
Se , (4)
and it is linear with respect to the stopping power Se. At
a room temperature of 293 K (σ = 7.28 × 10−2 N/m),
the dependencies of Rmax on the ion’s energy at different
charges of carbon ion are shown in Fig. 1. For the same
ions, the maximum radius can be increased by decreasing
the surface tension, which can be achieved by increasing
the temperature and/or choosing a liquid with smaller sur-
face tension, such as methanol or ethanol.
Thus, the key idea is that if the high-LET ion pass-
ing through a liquid droplet does induce the shock wave,
this wave makes the droplet disintegrate if the pressure
at the wave front is larger than the surface tension at the
droplet’s surface. Now, we need to consider other effects
that limit this effect from different sides.
3.2 Collapse of the cavity in the wake of the shock
wave
However, the opposite effect, the collapse of the cylindrical
cavity that formed in the wake of shock wave is expected
to follow. First, when this cavity is formed, the inner side
is still very hot, and the surface tension pressure on the
inner surface is zero. Then, as the expansion continues
(for several picoseconds), the surface cools down and the
surface tension pressure increases. This pressure on the
cylindrical surface is σ/Rin and since Rin is smaller than
the radius of the wave front, there is a chance that this
pressure is larger than that of the pressure on the wave
front. If this is the case, the outgoing pressure wave can
slow down and the flow may be inverted to fill the cavity.
Pressure oscillations follow this process, but their strength
can only be weaker than that of the original shock wave.
Nevertheless, if the shock wave, strong enough to break
the droplet’s surface tension, reaches the outer surface be-
fore the surface tension on the inner surface is developed,
the droplet is expected to disintegrate, since the inner lay-
ers of the droplet will be slowing down while the outer will
still be accelerating in the outward direction.
Let a cylindrical shock wave propagate in the droplet
for some time t, just sufficient for the inner surface to cool
down. Then the condition for stopping the advance of the
wave front is:
1
γ + 1
β4
2
Se
r2
2πrl <
σ
Rin
2πRinl . (5)
This condition simply represents the Newton’s second law,
manifesting that the net force acting on the cylindrical
layer of the droplet is directed inside; the corresponding
multipliers 2πrl and 2πRinl on both sides are the outer
and inner surface areas that replace the corresponding
pressures for forces. Evidently, Rin on the r.h.s. of this
inequality cancel out and the condition becomes,
1
γ + 1
β4
2
Se
σ
< r . (6)
Comparing this inequality to (4), we can write that it is
equivalent to r > 2Rmax, i.e., the cylindrical layer ex-
panding due to a pressure wave will start slowing down
as a result of action of the surface tension on the inner
surface, independently of the radius and, therefore, of the
time the inner surface cools down, when the radius of the
wave front is twice the maximum radius of the droplet.
This means that if we choose the maximum radius of the
droplet according to Eq. (4), the mending effect will not
stop the disintegration of the droplet.
3.3 Rayleigh instability
In previous sections, we discussed the upper limit for the
radius of a droplet that is deemed to explode because of
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a shock wave. There is also a lower limit to the droplet’s
radius. This first limitation is due to the Rayleigh insta-
bility [1] brought about by the charge of a droplet. Before
the ion enters a droplet it is electrically neutral, but af-
ter a traverse, it acquires a charge. If this charge is large
enough for a given radius, the droplet may disintegrate
because of the Coulomb repulsion rather than the shock
wave.
The charge of the droplet, Ze, is a sum of two sources.
First, when the ion propagates in the medium, it may pick-
off electrons. The cross section for this process, known
as charge transfer strongly depends on the velocity as
ions slow down. Estimates calculated using Refs. [29,30]
suggest that for carbon ions the charge transfer becomes
significant when the kinetic energy of the ion is smaller
than 0.2 MeV/u. Therefore, in the following examples,
0.5 MeV/u ions are used in order to minimise this ef-
fect (since a diminishing value of z decreases the LET)
and simplify the estimates. Second, some electrons ejected
from molecules of the medium may be able to escape the
droplet and leave it positively charged. Important, that
this happens within 50 fs after the ion’s traverse, i.e., be-
fore the formation of the shock wave [23]. While the first
effect is limited by the number of vacancies in the ion (z),
the second effect may be considerably stronger, since, e.g.,
for 0.5-MeV/u C6+ ions, about 20 secondary electrons are
ejected from every nm of the path [14].
The second effect is limited by the range of propaga-
tion of secondary electrons in a medium. If the radius of a
droplet is sufficiently large, only a small fraction of ejected
electrons escape from it. Equation (4) estimates radii of
droplets to be traversed by carbon ions to be of the order
of several hundreds of nm, while most of the ejected elec-
trons will have energies below 50 eV [14] and they are not
likely to propagate further than 3 nm [23]. Only a few δ-
electrons will have ranges up to 50 nm [31], but their effect
on the charge of droplets is going to be negligible, since
the production of δ-electrons at the considered energies
(close to the Bragg peak) is suppressed [14].
The estimate for the maximum radius, at which the
Coulomb forces overcome the surface tension can be found
similarly to Ref. [5], where the surface tension energy is
simply compared to the Coulomb energy,
σ4πR2 >
Z2e2
2R
. (7)
The estimate of charge Z in this formula can be obtained
if we assume that all electrons ejected from the ion’s path
within the range-distance from ion’s exit or entrance es-
cape the droplet, i.e., Z = 2 dNdx s, where s = 5 nm is the
range of electrons taken for this (conservative) estimate.
The estimate for the minimal radius of the droplet given
by the Rayleigh instability is then given by,
R >
[(
dN
dx
)2
e2s2
πσ
]1/3
. (8)
Besides this estimate, it is worthwhile to discuss the
charge distribution inside the droplet by 50 fs, the time
when all remaining electrons are nearly thermalised. This
can be done using the calculations of secondary electron
transport [23]. By 50 fs after ion’s traverse, there is a thin
(of less than 1 nm radius) cylinder positively charged due
to ions of water and H3O
+ that is almost superseded with
a distribution of low-energy electrons that are spread over
a slightly wider (1-1.5 nm radius cylinder). So, by and
large, electrostatic configuration is that of a cylindrical
capacitor with an excesses of positive charge close to the
cylinder’s bases. The “capacitor” part undoubtedly car-
ries energy, but an explosion is unlikely due to attractive
forces. However, the repulsive forces can create two jets
of water molecules coming out from bases of the cylinder.
This is even more likely because the temperature within
a cylinder at this time is high and these regions can easily
evaporate. However, these jets do not destroy the droplet.
If the surface tension is large enough, the cylinder will be
filled in by a nanosecond time.
The charge transfer effect makes a tiny correction to
this effect; for instance, in the case of carbon ions, an
increase of charge by the maximum value of 6e is tiny
compared to the charge of the order of 200, obtained from
the above estimate. Another effect of forward and back-
ward emitted electron jets, reported in Ref. [32] may also
affect the charge remaining on a droplet, but it is unlikely
to change the picture significantly. The results of the esti-
mates ofRmin using (8) and Rmax using (4) for 0.5 MeV/u
ions with different charges are shown in Fig. 2. These re-
sults tell us that the effect of Rayleigh instability cannot
cause the multifragmentation of a droplet with a radius
larger than 25 nm.
3.4 Evaporation of the droplet
Certainly, if too much energy is deposited to a droplet,
it can evaporate. Then the shock wave cannot be a cul-
prit of its “disintegration”. A conservative estimate for
this effect can be done rather easily. The maximal en-
ergy deposited in the droplet is equal to Se2R; this en-
ergy must not exceed the heat needed to evaporate the
droplet, 4
3
πR3̺(λ + cp∆T ), where λ is the latent heat of
vaporisation of liquid, cp is its specific heat, and ∆T is the
temperature difference between the temperature of vapor-
ization and the temperature of the droplet before the tra-
verse. This gives the following limitation to the radius of
the droplet:
R >
√
3Se
2π̺(λ+ cp∆T )
. (9)
The results for this limitation are shown in Figs. 2-3 with
a dotted line. It appears that this limitation is not at all
stringent for the experiments that we can think of, but
it is surely important for the molecular dynamics simula-
tions of this process. In parallel with this work, the classi-
cal molecular dynamics (MD) simulations have been con-
ducted using the MBN Explorer package [33]. The largest
droplet thus far modelled is of radius 10 nm. It contains
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Fig. 2. The dependence of the maximal (solid line), calculated
using (4), and minimal radii (dashed line), calculated using (8),
of the liquid water droplet (at room temperature), at which its
explosion due to the effect of the shock wave is predicted, on the
charge z (in units of e) of carbon ion traversing the droplet at
energy 0.5 MeV/u. The droplets with radii within the shaded
area are predicted to explode due to the action of shock waves.
The dotted line indicates the minimum radius from the point
of avoiding the evaporation of the droplet.
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Fig. 3. A detail of Fig. 2, showing the minimal radii in more
detail.
about 420 thousand atoms and is already quite compu-
tationally expensive. For such a droplet, the window be-
tween evaporating droplet and a too weak shock wave is
very narrow. The results of these simulations will be pre-
sented in a separate paper.
However, the evaporation of water droplets in vacuum
(where they are supposed to be irradiated) may be signif-
icant for the observations. It is not related to irradiation
of droplets, but to the fact that lifetime of droplets in vac-
uum is limited, i.e., they may evaporate before they have
a chance to be irradiated. The characteristic time of mul-
tifragmentation due to action of shock wave is 10-100 ps,
depending on the size of a droplet. The characteristic time
of evaporation of a droplet can be estimated as
R
v
exp
λ0
kT
, (10)
where v is an average velocity of a water molecule, λ0
is a latent heat of vaporisation per molecule, and k is
Boltzmann constant. For a 100-nm radius droplet, this
estimate gives 10−4 s. This time is five orders of magnitude
longer than the time of the discussed multifragmentation,
which makes us hopeful that the the observation of the
latter is possible.
Conclusion
Thus, if an ion enters a droplet with a radius limited by
inequality (3), but larger than obtained from estimate (8),
we predict that the droplet will disintegrate into smaller
parts due to the action of the shock wave. If the colli-
sion is not central, a disintegration happens more readily.
As an example, let us consider a droplet traversed by a
fully charged (z = 6) carbon ion at E = 0.5 MeV/u. Its
stopping power given by (2), is ≈ 1.5 keV/nm. Accord-
ing to Fig. 2, an explosion of the droplet due to a shock
wave will happen if its radius is somewhere between 30
and 1000 nm. If the ion passes some 800 nm inside the
droplet, it loses about 1.2 MeV or 0.1 MeV/u. Therefore,
we can safely neglect the change in the ion’s speed during
the traverse. At this energy, the mean free path related to
charge transfer process is larger than 200 nm [34]. There-
fore, even if this ion picks off an electron or even two,
all criteria are satisfied (Fig. 2) and we predict that the
droplet will disintegrate.
In absence of shock waves, there is no mechanism for
a droplet to explode and it will evaporate within 10−4 −
10−3s, as explained in section 3.4. Indeed, if the diffusion
and heat conductivity are the only mechanisms for heat
transfer, as discussed in Refs. [22,23], then the pressure
at a distance of 20 nm (for carbon ions) will be close to
the atmospheric at 1 ps, and will hardly increase at later
times. The temperature of, e.g., a 400-nm-radius droplet
will increase by less than 1 K and the droplet will surely
survive.
We suggest an experiment to observe predicted shock
waves on a nanometre scale initiated by ions with energy
0.1 − 0.5 MeV/u propagating in tissue-like media, such
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Fig. 4. A snapshot of a disintegrating droplet obtained from
MD simulations using MBN Explorer package. The ion’s path
is horizontal. The snapshot is done at about 2 ps time after
the onset of the shock wave.
as liquid water. Figure 4 gives a snapshot of MD simu-
lation of multifragmentation of a liquid droplet traversed
by an ion. These simulations are only the first step in this
study and we hope that such simulations will help us to
learn more about the dynamics of multifragmentation of a
droplet. We hope that such an experiment is carried out,
since the discovery of shock waves induced by ions is crit-
ical for scientific fundamentals of ion-beam therapy and
understanding the radiation damage induced by ions.
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